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ABSTRACT 
 
Loss of consciousness due to central hypovolemia can 
occur due to sudden cardiovascular decompensation in 
normal individuals or hypovolemic shock in wounded 
patients. A variety of devices have been developed to 
sustain perfusion to the brain including anti-G suits worn 
by pilots and returning astronauts and applied to patients 
as “shock trousers.” However, all countermeasures 
developed to date suffer from problems that limit their 
utility in the field. An “impedance threshold device” 
(ITD) has recently been developed that acutely increases 
central blood volume by forcing the thoracic muscles to 
develop increased negative pressure, thus drawing venous 
blood from extrathoracic cavities into the heart and lungs. 
We review here a series of experiments that demonstrate 
the application of the ITD to a variety of experimental 
conditions, including its use to: (a) increase heart rate, 
stroke volume, and arterial blood pressure in 
normovolemia and hypovolemia; (b) increase cerebral 
blood flow velocity; (c) reset cardiac baroreflex function 
to a higher operating range for blood pressure; (d) lower 
intracranial pressure; and (e) reduce orthostatic 
symptoms. In this brief review, we present evidence that 
supports further consideration of using inspiratory 
resistance as a countermeasure against circulatory 
collapse associated with orthostatic instability and 
hemorrhagic shock. 
 
 

1.  INTRODUCTION 
 

Maintenance of consciousness requires adequate 
perfusion to the brain, which may be compromised in a 

variety of physiological and clinical circumstances. 
Inability to tolerate upright standing posture due to 
development of severe orthostatic hypotension and 
syncope often plagues astronauts and military personnel 
in their austere operational environments. In the civilian 
sector, up to 30% of otherwise healthy young adults 
report at least one syncopal episode during their lifetimes, 
and syncope accounts for up to 3% of all emergency room 
visits in the United States (Kapoor, 1996). More critically, 
hemorrhagic shock remains a leading cause of death in 
both civilian and battlefield trauma (Carrico et al., 2002). 
Syncope and hemorrhagic shock share the same 
underlying mechanisms, namely, central hypovolemia and 
cardiovascular decompensation. A countermeasure that 
functionally restores central blood volume would 
therefore be expected to prove useful for all of these 
conditions.  
 

Battlefield injury often leads to hypovolemia through 
hemorrhage. In spaceflight, hypovolemia occurs as a 
response to microgravity over the first several days of 
exposure (Convertino, 1996), persists regardless of flight 
duration, and contributes to post flight orthostatic 
intolerance and reduced exercise capacity (Convertino et 
al., 1996; Levine et al. 1996). The usual countermeasures 
for all of these conditions include fluid replacement 
(resuscitation) and/or lower body counter pressure (shock 
trousers or G-suits). For spaceflight these often fail to 
prevent symptoms of cardiovascular instability or even 
frank syncope upon assuming an upright body position at 
1 G (Buckey et al. 1996). Tolerance for loss of central 
blood volume or orthostatic stress can be enhanced by 
means of centrifuge training (Evans et al., 2004) and 
maximal exercise bouts prior to orthostatic testing 
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(Engelke et al., 1996), but these procedures cannot be 
applied in space craft and remote settings or medical 
evacuation aircraft. 
 
Low central blood volume contributes to a reduction in 
cardiac filling, stroke volume (SV), and arterial pressure 
(AP). The resulting acute hypotension activates 
autonomically-mediated compensatory mechanisms that 
evoke sympathetic nerve activity, tachycardia and 
peripheral vasoconstriction in an attempt to restore AP 
(10). When the reduction in blood volume and AP reach a 
critical level, activation of decompensatory mechanisms 
result in sympathetic withdrawal, bradycardia and 
vasodilation (Convertino and Cooke, 2002); a condition 
we refer to as circulatory collapse (Convertino et al., 
2004a; Cooke et al., 2004). Cardiovascular decompen-
sation is the precursor to syncope or hemorrhagic shock. 
Therefore, any therapeutic approach that is designed to 
increase venous return and SV should counteract 
circulatory collapse. Increased negative intrathoracic 
pressure during spontaneous inspiration represents a 
natural mechanism for enhancing venous return and 
cardiac filling. Any device that applies resistance during 
inspiration takes advantage of this simple concept and 
shows promise as a mechanical facilitator of the 
respiratory pump that enhances venous return and preload 
to the heart (Lurie et al., 1995, 2004; Samniah et al., 
2003). In this review, we examine a series of experiments 
designed to evaluate the application of inspiratory 
resistance as a potential countermeasure to restore central 
blood volume and possibly improve clinical and critical 
outcomes.  
 
  

2. USING THE CHEST AS A VACUUM PUMP 
 
Cournand et al. (1948) reported in an early study that 
venous return, ventricular preload, and subsequently 
cardiac output (CO) decreases with positive pressure 
breathing sufficient to increase mean airway pressure. 
Guyton et al. (1957) characterized the entire venous 
return curve in animals by plotting blood flow against 
pressures in the right atrium, and demonstrated marked 
increases in venous return when right atrial pressures 
were suctioned to -2 to -4 mmHg. Based on this simple 
concept of positive verses negative intrathoracic pressures 
and their effects on venous return, it has been shown that 
increasing negative intrathoracic pressure through 
resistive breathing decreases left ventricular and right 
atrial pressures (Lurie et al., 2004), consequently 
increasing left ventricular preload and SV index (Marino 
et al., 2004). The central hemodynamic response of 
resistive breathing is similar to that observed during 
Mueller maneuvers, where initial reductions of arterial 
pressure (AP) due to reductions of left ventricular stroke 
volumes are followed by increases in AP due to resulting 
increased venous return and consequent increases in left 

ventricular SV (Fitzgerald et al., 1991; Morgan et al., 
1993).  
 
Negative intrathoracic pressure during the inspiration may 
be enhanced in several ways. In the experiments 
described here, a controlled level of inspiratory negative 
pressure was produced in humans by using an inspiratory 
threshold device (ITD) comprised of a plastic valve 
attached to a standard clinical facemask (Lurie et al., 
2000). Responses to ITD breathing were compared 
directly with a sham ITD device which provided zero 
inspiratory pressure (ZTD). 
 
 

3.  CENTRAL HEMODYNAMICS 
 
Changes of central hemodynamics in humans during 
resistive breathing were assessed in two human studies 
(Convertino et al., 2004b, 2004c). During spontaneous 
breathing in the supine position, inspiratory impedance of 
approximately 6 cm H2O increased heart rate (HR), AP 
(Convertino et al., 2004b, 2004c), SV (measured with 
thoracic bioimpedance) and CO, and decreased total 
peripheral resistance (TPR) (Convertino et al., 2004c). 
Other countermeasures that restore central blood volume 
and protect SV and CO such as maximal exercise, G-
suits, fluid loading, and centrifuge training may fall short 
of effective implementation due to practical limitations 
(Bungo et al., 1985; Engelke et al., 1996; Evans et al., 
2004) or the inability to produce the immediate effects on 
central blood volume and hemodynamics similar to 
resistive breathing (Evans et al., 2004). 
 
Although loss of blood volume contributes to postflight 
orthostatic intolerance in astronauts, reduction in the 
sensitivity of the carotid-cardiac baroreflex has also been 
implicated in hemodynamic instability following both 
simulated (Convertino et al., 1990; Eckberg et al., 1992) 
and actual microgravity (Fritsch-Yelle et al., 1994; Fritsch 
et al., 1992). Carotid-cardiac baroreflex function is 
restored in subjects after bedrest with application of 
maximal exercise 24 hours prior to reambulation (Engelke 
et al., 1996). Similarly, reductions of carotid-cardiac 
baroreflex sensitivity associated with reductions of central 
blood volume during lower body negative pressure 
(LBNP) are reversed with restoration of central volume 
during G-suit inflation (Eiken et al., 1991). Stimulation of 
arterial and/or cardiopulmonary baroreceptors by 
oscillations in intrathoracic or arterial pressure (Fitzgerald 
et al., 1981) may acutely change the sensitivity of the 
carotid-cardiac baroreflex response (Chapleau et al., 
1987, 1989) and affect autonomic compensation to 
orthostatic or hypovolemic challenges.   
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4. AUTONOMIC FUNCTION 
 
The effects of inspiratory resistance on the carotid-cardiac 
baroreflex response were also tested in humans. During 
ITD breathing, cardiac baroreflex sensitivity was not 
altered but responses were shifted to higher arterial 
pressures (Convertino et al., 2004b). These results, 
togetherwith prior work (14), support the hypothesis that 
negative intrathoracic pressure and baroreflex resetting 
induced by ITD breathing augments central 
hemodynamics and potentially increases the operational 
range of the baroreflex under conditions of severe 
hypotension. 
 
Increased HR in conjunction with increased AP could 
manifest through atrial stretch and activation of 
cardiopulmonary baroreceptors, but cardiopulmonary 
baroreflex activation and consequent interaction with 
arterial baroreceptors during inspiratory resistance can 
only be inferred and not measured directly in humans; it is 
likely that both cardiopulmonary and arterial baroreflexes 
operate to some degree and probably function at times in 
opposition (Barbieri et al., 2002). In addition, elevated 
HR and CO during spontaneous breathing on an ITD may 
simply reflect an “exercise” effect from the increased 
work of breathing against resistance. If this were true, one 
might expect withdrawal of vagal activity and no change 
or a slight increase in sympathetic activity with HR below 
100 bpm (Rowell and Leary, 1990). However, in 
experiments designed to test the mechanism(s) involved 
in the tachycardic response to inspiratory resistance, there 
was no change in ventilatory mechanics (volume and 
rate), metabolic rate, cardiac vagal activity as indicated by 
no effect on the percent of normal consecutive R-R 
intervals that vary by more than 50 ms (pNN50) and 
muscle sympathetic nerve activity (microneurography) 
(Convertino et al., 2004b). While that report involved 
only one subject, later work on an additional eight 
subjects confirmed that ITD breathing does not affect 
vagal-cardiac control as estimated from frequency domain 
analysis of R-R intervals, or directly-measured peripheral 
sympathetic traffic (Cooke et al., 2006). Those 
observations suggest that the elevation in HR is initiated 
by a mechanical rather than metabolic or primary 
autonomic stimulus, and therefore may not represent an 
“exercise” effect per se. Rather, a larger negative 
intrathoracic pressure resulting from inspiratory resistance 
may initiate mechanically a chronotropic response as a 
result of enhanced cardiac filling [e.g., the Bainbridge 
reflex, stretch of the SA node (Bainbridge, 1915; Barbieri 
et al, 2002; Pawelczyk and Levine, 1995)]. 
 
Head-up tilt table experiments in astronauts prior to and 
immediately after the NASA Neurolab Space Mission 
(STS-90) revealed that increased muscle sympathetic 
nerve activity (MSNA) induced by moving from the 
supine to upright posture was associated with a reduction 

in SV (Levine et al., 2002). Although this finding was not 
unexpected, lower average SV and greater average 
MSNA measured after space flight in both supine and 
upright postures were positioned in a linear fashion on the 
same SV-MSNA stimulus-response relationship as the 
average pre-flight SV and MSNA responses (Levine et 
al., 2002). Using LBNP as a model for the investigation 
of mechanisms associated with hemorrhagic shock 
(Cooke et al., 2004), we corroborated the linear 
relationship between SV and MSNA (Convertino and 
Cooke, 2002; Convertino et al., 2004a). 
 
In addition to increasing cardiac filling and SV 
(Convertino et al., 2004c), spontaneous inspiration on the 
ITD lowered TPR (Convertino et al., 2004c). Since higher 
SV and lower TPR are associated with lower MSNA in a 
linear fashion (Convertino and Cooke, 2002; Convertino 
et al., 2004a; Levine et al., 2002), it seemed possible that 
spontaneous breathing on an ITD would cause a reduction 
in MSNA. However, recent experiments show that 
resistive breathing had no effect on supine MSNA (15 ± 8 
vs. 15 ± 9 bursts/min) despite significant increases in 
mean arterial pressure (MAP) (94 ± 7 to 99 ± 9 mmHg) in 
eight normovolemic, normotensive subjects (Cooke et al., 
2006) However, in one subject, a 23-ml (25%) increase in 
SV (measured with thoracic bioimpedance) during ITD 
breathing was associated with an MSNA of 23 bursts/min 
compared to 30 bursts/min when breathing on the ZTD 
(Fig. 1).  
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Fig. 1. Recording of neurograms from a subject during 
spontaneous breathing on a ZTD without inspriatory 
resistance (upper panel) and on an ITD (bottom panel). 
Figure from Convertino et al. [2004b]. 
 
Those preliminary results support the hypothesis that 
large elevations in SV might produce proportionate 
reductions in MSNA. Morgan et al. (1993) recorded 
MSNA responses within the respiratory cycle during 
prolonged (20-s) Mueller maneuvers and documented a 
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biphasic response consisting of initial suppression of 
sympathetic traffic despite falling AP followed by 
activation and resultant increases of AP. The ITD study 
averaged MSNA over several minutes; biphasic responses 
could have contributed to the observation there of 
unchanged sympathetic traffic during resistive breathing. 
Since high sympathetic nerve activity is associated with 
poor clinical outcome in states of central hypovolemia 
(Kleiger et al., 1987), the ability of the ITD to reduce 
MSNA could be an effective countermeasure against 
syncope and hemorrhagic shock. Future experiments 
designed to induce more dramatic alterations in central 
hemodynamics, particularly in states of central 
hypovolemia, are necessary to test this hypothesis. 

 
 

5.  CEREBRAL BLOOD FLOW 
 
 In a porcine model of cardiac arrest, cerebral blood flow 
(CBF) and neurological function were significantly 
protected by application of an ITD (Lurie et al., 1995, 
2002). Yannopoulos et al. (in press) demonstrated in pigs 
that ITD breathing increases cerebral perfusion pressure 
(CPP), and increases CBF during cardiopulmonary 
resuscitation after cardiac arrest. Figure 2 shows a 
representative example of the changes in intrathoracic 
pressure measured in the trachea of the pig, and 
concurrent changes in intracranial pressure (ICP) 
measured in the brain parenchyma (Convertino et al., 
2005a).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Continuous recordings of intrathoracic pressure 
(ITP, upper tracing) and intracranial pressure (ICP, lower 
tracing) in an apneic pig in hemorrhagic shock before, 
during (ITD on), and at the cessation (ITD off) of 
application of an ITD modified for use in nonbreathing 
individuals. Positive pressure ventilations were delivered 
every 8 seconds, when the ITD was applied. ITP was 
maintained at -10 mmHg in the absence of positive 
pressure ventilations. Figure from Convertino et al. 
[2005a] 
 

In this case, positive pressure ventilations were delivered 
every 8 s and after each breath. Use of an ITD in 
conjunction with positive pressure breathing generated an 
intrathoracic pressure of -10 mmHg and an immediate 
decrease in ICP by about 7.5 mmHg. The ITD also 
increased AP (not shown). When the ITD was removed, 
ICP returned immediately to baseline levels. The impact 
of both ITD and positive pressure ventilation on ICP 
suggest a remarkable degree of concordance between 
changes in intrathoracic and intracranial pressures, which 
may have significant implications in the treatment of a 
number of disorders that alter CBF. These new findings 
also suggest that the vacuum created by the ITD causes a 
“waterfall” effect that increases blood flow by 
maximizing the pressure gradient across the cerebral 
circulation. Maintaining adequate CBF while reducing 
ICP could prove critical in prolonging or even preventing 
the progression to circulatory collapse associated with 
syncope and/or hemorrhagic shock. 
 
Since inadequate cerebral perfusion ultimately leads to 
syncope and circulatory collapse (Benditt et al., 1996), a 
device or procedure that effectively maintains or increases 
CBF might benefit returning astronauts or bleeding 
patients awaiting definitive medical care.  Based on 
evidence from animal experiments (Lurie et al., 1995, 
2002; White et al., 1991) and the observation that subjects 
reported less severe symptoms (e.g., dizziness) during 
transition from the squat to standing posture (Convertino 
et al., 2005b), the effects of ITD breathing on CBF were 
investigated in humans. Cerebral blood flow velocity 
(CBFV) was recorded in the right middle cerebral artery 
in seven subjects using transcranial Doppler 
ultrasonography. Figure 3 shows a representative 
response recorded from one subject.  

ITD on ITD off

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Continuous recording of mean cerebral blood 
flow (CBF) velocity in a subject before, during (On ITD), 
and at the cessation (Off ITD) of spontaneous breathing 
on the ITD. 
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For all seven subjects, breathing through an ITD 
increased mean CBFV from 64 cm/s during breathing on 
a ZTD to 69 cm/s during ITD breathing (P = 0.01). End-
tidal CO2 for ITD breathing was 4.8 ± 0.1 %, similar to 
that produced by the ZTD (4.9 ± 0.2 %) (Cooke et al., 
2006). However, it is possible that increased respiratory 
drive during ITD breathing increased cerebral metabolic 
activity and therefore induced cerebral vessel dilation. 
The pulsatility index, an indirect estimate of cerebral 
vascular resistance tended to decrease with active ITD 
breathing (P = 0.09). The pulsatility index (calculated as 
the difference between peak systolic and end diastolic 
flow velocity divided by mean flow velocity) is clearly an 
imperfect estimate of cerebral vascular resistance that 
does not take into account systemic arterial, venous, or 
cerebro-spinal fluid pressures. However, in a prospective 
study of brain-injured patients, Bellner et al. (2004) found 
a strong correlation (r = 0.94; p < 0.0001) between ICP 
measured by intraventricular catheters and the pulsatility 
index; they concluded that the latter is a useful surrogate 
for ICP for monitoring severely brain injured patients 
(Bellner et al., 2004). Because end-tidal CO2 is an 
imperfect predictor of PaCO2 (van Lieshout et al., 2003), 
and because even small changes in PaCO2 profoundly 
affect CBFV (Ide et al., 2003), it is possible that the 
observed increases in CBFV during ITD breathing 
resulted from increased cerebral metabolic activity and 
consequent dilation of the cerebral vasculature. 
 
 

6.  ORTHOSTATIC STRESS 
 
 Resistive breathing might be expected to protect central 
hemodynamics against circulatory collapse induced by 
sudden orthostatic stress or hemorrhage (Convertino et 
al., 2004b, 2004c).  One study has addressed this 
possibility experimentally (Convertino et al., 2005b): 
Eighteen healthy, normotensive volunteers (9 males, 9 
females), ages 20-56, completed two 6-min protocols in 
counterbalanced order with a ZTD or an ITD set to open 
at -7 cm H2O pressure. An infrared finger photoplethys-
mograph was used to make noninvasive measurements of 
HR, SV, CO, TPR, and MAP. Symptoms were recorded 
using a subject perceived rating (SPR) where 1 = normal 
and 5 = dizziness. 
 
Movement from squat to stand reduced TPR by about 
35% with or without the ITD, but the device affected 
other variables, as illustrated for one subject in Figs. 4 and 
5. Using the ZTD, he experienced severe symptoms (SPR 
= 4) as his SV fell (Fig. 4), AP was reduced and pulse 
pressure dropped to 40 (Fig. 5). In contrast, the ITD 
prevented symptoms (SPR = 1), erased the acute, transient 
drop in SV (Fig. 4) and held pulse pressure at 60 mmHg 
(Fig. 5). The periodic increases in SV in Fig. 5 reflect the 
negative intrathoracic pressure induced by the ITD during 
inspiration.  
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Fig. 4. Stroke volume responses in a subject undergoing 
the transition from a squat to a standing posture during 
spontaneous breathing on an ITD (open circle line) and 
ZTD (solid line). 
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Fig. 5. Beat-to-beat arterial blood pressure responses in a 
subject undergoing the transition from a squat to a 
standing posture during spontaneous breathing on a ZTD 
(upper panel) and on an active ITD (lower panel). 
 
On average for all subjects, MAP fell -36 ± 3 mmHg with 
the ZTD compared to -27 ± 4 mmHg with the ITD (P = 
0.03) despite similar elevations in HR (15 ± 2 bpm, P = 
0.93). SV changed by -8 ± 4 % for ZTD vs. +2 ± 4 % for 
ITD; the corresponding changes in CO were +10 ± 6 % 
and +22 ± 5 % (P < 0.04). The SPR was 1.4 ± 0.1 for 
ZTD vs. 2.0 ± 0.2 for ITD (P = 0.04). These results 
suggest that the ITD may defend against orthostatic 
hypotension and intolerance. Future experiments should 
address the effects of ITD breathing in subjects after a 
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period of simulated microgravity or experimentally-
induced hypovolemia. 
 
 

7. CENTRAL BLOOD LOSS IN HUMANS 
 
The effects of inspiratory resistance were tested in human 
volunteers subjected to LBNP as a model for acute 
reduction of central blood volume due to hemorrhage 
(Cooke et al., 2004). Figure 6 shows beat-to-beat SV 
measured with thoracic bioimpedance during baseline 
supine rest and exposure to 60 mmHg LBNP with normal 
breathing followed by use of an ITD. In this case, the 
LBNP caused a 30-35% reduction in SV, while the ITD 
produced an immediate increase that overshot and then 
returned to baseline after 1 min. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Stroke volume responses in a subject undergoing 
simulated central blood loss by use of 60 mmHg LBNP 
during the transition from baseline rest to LBNP to LBNP 
and spontaneous breathing on an ITD. 
 
Subsequently, we induced central hypovolemia and 
cardiovascular collapse in nine human volunteers by 
applying progressive LBNP under counterbalanced 
experimental conditions with a ZTD or an ITD set to open 
at -7 cm H2O pressure. SBP (79 ± 5 mmHg), DBP (57 ± 3 
mmHg), and MAP (65 ± 4 mmHg) were lower (P < 0.02) 
when subjects (n = 9) breathed through the ZTD than 
when they breathed through the ITD at the same time of 
cardiovascular collapse during ZTD breathing (102 ± 3, 
77 ± 3, 87 ± 3 mmHg). Elevated BP was associated with 
23% greater (P = 0.02) tolerance to central hypovolemia 
using an ITD compared with a ZTD (Fig. 7). Thus, in our 
human model of central blood volume reduction, use of 
an ITD device increased systemic blood pressure and 
delayed the onset of cardiovascular collapse during severe 
hypovolemic hypotension in spontaneously breathing 

human volunteers. This device may provide rapid non-
invasive hemodynamic support in patients with 
hypovolemic hypotension once the blood loss has been 
controlled but before other definitive therapies are 
available, and therefore provide a critical bridge for 
maintaining AP in the face of hemorrhage until volume 
replacement can be provided. Thus, the ITD may prove 
useful in civilian trauma and tactical combat care, 
especially for a bleeding patient with a weak or absent 
pulse.   
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Fig. 7. LBNP completion (plotted as survival) curves of 9 
subjects treated with an ITD (blue curve) and ZTD (red 
curve). 
 
 

8. CONCLUSION 
 
Interventions that “buy time” by sustaining adequate 
perfusion pressures prior to treatment with more 
definitive therapies are of considerable value for 
improving patient outcome. In this series of 
investigations, we demonstrated that improving the 
efficiency of the intrathoracic vacuum by application of 
resistance during inspiration with the use of an ITD can 
increase HR, SV, CO, and arterial blood pressure in 
humans at rest and during orthostatically-induced central 
hypovolemia. The elevation in ABP during treatment with 
an ITD is associated with increased tolerance to severe 
progressive central hypovolemia leading to cardiovascular 
collapse and reduced symptoms. Our preliminary results 
are the first to demonstrate in humans that the time to 
cardiovascular collapse associated with progressive 
reduction in central blood volume and subsequent 
development of severe hypotension can be significantly 
improved with an ITD. These findings provide 
compelling evidence that the ITD may extend the 
therapeutic window of opportunity and improve casualty 
outcome by allowing greater survival from hemorrhagic 
shock until definitive care is available. The results of the 
present investigation suggest that application of an ITD 
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during the early stages of controlled hemorrhage may 
restore blood pressure and perfusion to vital organs. 
While not a panacea, the results from these studies 
demonstrate that the ITD may help “buy time” until fluid 
resuscitation is begun, or as an adjunct to conventional 
resuscitative therapy, thus potentially increasing the 
likelihood that the casualty can be stabilized and survive 
to reach a higher echelon of care. It is in this manner that 
we believe the ITD may provide a critical bridge to more 
definitive repair of the primary injury and ultimately save 
lives. In support of this contention, there are currently 
three confirmed cases from Iraq in which casualties have 
been successfully treated with the ITD. 
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